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Abstract
In earlier publications we have analyzed the strong and radiative decays of
heavy hadrons in a formalism which incorporates both heavy-quark and chiral
symmetries. In particular, we have derived a heavy-hadron chiral Lagrangian whose
coupling constants are related by the heavy-quark flavor-spin symmetry arising
from the QCD Lagrangian with infinitely massive quarks. In this paper, we re-
examine the structure of the above chiral Lagrangian by including the effects of
1/mQ corrections in the heavy quark effective theory. The relations among the
coupling constants, originally derived in the heavy-quark limit, are modified by
heavy quark symmetry breaking interactions in QCD. Some of the implications
are discussed.
1
1. Introduction
In this and a subsequent paper, we would like to examine various symmetry
breaking corrections to the strong and electromagnectic decays of heavy hadrons.
There are two different kinds of symmetry breaking effects on the chiral dynamics
of heavy hadrons: the 1/mQ corrections from the heavy quarks and the finite-mass
effects from the light quarks. We will focus on the 1/mQ corrections in this work
and leave the discussion on SU(3) breaking effects to the forthcoming paper [1].
As is well known, the QCD dynamics in the limit of infinite quark mass ex-
hibits a new spin-flavor symmetry which is known as the heavy quark symmetry
(HQS) [2,3]. Corrections to this symmetry limit can be systematically incorporated
into the heavy quark effective theory (HQET) of QCD where symmetry breaking
effects are summarized by higher-dimensional operators suppressed by powers of
1/mQ [4-9]. Such an effective theory has been a powerful tool to analyze weak-
transition form factors of heavy hadrons containing one single heavy quark [10].
We have recently, among others, initiated a study of strong and radiative decays
of heavy hadrons by deriving a heavy-hadron chiral Lagrangian which obeys con-
straints from the heavy quark symmetry [11-17]. As the idea of synthesizing the
heavy-quark and chiral symmetries receives growing attention, there remain im-
portant issues to be explored. Especially, implications of the aforementioned 1/mQ
corrections to the structure of the heavy-hadron chiral Lagrangian have not been
systematically studied [18]. Since the charmed quark is not particularly heavy com-
pared to the QCD scale, such corrections can be important in the chiral Lagrangian
for charmed hadrons.
As an example to illustrate the issues involved, consider the heavy-meson chiral
Lagrangian given by Eq.(2.16) of Ref.[17]:
L(1)PP ∗ = DµPDµP † −M2PPP † + f
√
MPMP ∗ (PAµP ∗†µ + P ∗µAµP †)
− 1
2
P ∗µνP ∗†µν +M
2
P ∗P
∗µP ∗†µ
+
1
2
gǫµνλκ(P
∗µνAλP ∗κ† + P ∗κAλP ∗µν†),
(1.1)
2
where P and P ∗ are the ground-state heavy mesons with quantum numbers JP =
0− and 1− respectively, and
P ∗†µν = DµP
∗†
ν −DνP ∗†µ , (1.2a)
DµP
∗†
ν = ∂µP
∗†
ν + VµP †ν − ieAµ(P ∗†ν Q′ −QP ∗†ν ), (1.2b)
and a similar definition for the covariant derivative DµP
†. In Eq.(1.1) Aµ is the
electromagnetic field whereas Vµ and Aµ are respectively the chiral vector and
chiral axial fields (see Ref.[17] for more detail). The prediction from heavy quark
symmetry consists of two parts. The flavor symmetry implies that the coupling
constants f and g are the same for any heavy flavor. The spin symmetry relates
the two parameters by
g =
1
2
f. (1.3)
Similar predictions have also been obtained for the heavy baryon chiral Lagrangian.
These predictions help reduce the number of unknowns in the heavy-hadron chiral
Lagrangian. For instance, the D∗Dπ and D∗Dγ coupling constants are related
to those of D∗D∗π and D∗D∗γ respectively. This is crucial since the latter two
couplings are very difficult to measure in practice. With the knowledge of above
coupling strengths, the predictive power of the heavy meson chiral Lagrangian is
greatly enhanced. However, success of such a scheme demands an assessment of
how large the 1/mQ corrections are. The purpose of this paper is to study such type
of 1/mQ corrections which modify the various HQS relations among the coupling
constants. At present, we do not attempt to give a quantitative predictions on the
sizes of various 1/mQ effects. A quantitative analysis will be presented in a future
publication.
As is well-known, there are two energy scales in the chiral perturbation theory
involving a heavy hadron: the mass of the heavy hadron MH and the the chiral
symmetry breaking scale Λχ. In principle, one may expand the theory in inverse
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powers of these two scales. However, because the heavy hadrons have large masses,
the derivatives acting on the heavy hadron fields will produce large momentum
factors. This complicates the power counting procedure. This difficulty is overcome
by a simple observation. Strong and electromagnetic interactions at low energies
of a heavy hadron with other light hadrons are governed by the energy scale ΛQCD
which is much smaller than MH . Consequently, the four momentum of a heavy
hadron has only fluctuations of the order of ΛQCD throughtout its history. Its
momentum can, therefore, be parametrized as
P = MHv + k, v
2 = 1, (1.4)
where k is of order ΛQCD. In accordance with the parametrization, one introduces
a velocity-dependent field Hv(x) by [12,19]
H(x) = e−iMHv·xHv(x), (1.5)
where H(x) is the standard field operator for a heavy hadron. The velocity-
dependent field Hv(x) carries only the residual momentum k. It follows from
(1.5) that
∂µH(x) = e
−iMHv·x[−iMHvµHv(x) + ∂µHv(x)]. (1.6)
The dependence on the large mass MH is now made explicit: the second term in
(1.6) is of order k/MH relative to the first one. In terms ofHv(x), derivatives acting
on the heavy hadron and Goldstone boson fields are treated on equal footing, and
a consistent 1/MH and 1/Λχ expansion can be developed for the heavy hadron
chiral Lagrangian.
The velocity-dependent fields for the 0− and 1− heavy hadrons of (1.1) are
P (x) = e−iMP∗v·xPv(x), (1.7a)
P ∗µ(x) = e
−iMP∗v·xP ∗v,µ(x), (1.7b)
4
v · P ∗(v) = 0. (1.7c)
To simplify our notation, we write P (v) ≡ Pv(x) and P ∗µ(v) ≡ P ∗v,µ(x). Retaining
only the leading terms, we obtain
L(1)v,PP ∗ = −2iMP ∗P (v)v ·DP †(v) + 2iMP ∗P ∗µ(v)v ·DP ∗†µ (v)
+ ∆M2P (v)P †(v) + f
√
MPMP ∗ [P (v)AµP ∗†µ (v) + P ∗µ(v)AµP †(v)]
+ 2iMP ∗gǫµνλκP
∗µ(v)vνAλP ∗κ†(v),
(1.8)
with
∆M2 = M2P ∗ −M2P . (1.9)
Note that we have neglected terms which are suppressed by 1/MP ∗ comparing with
the leading contributions. Therefore, L(1)v,PP ∗ is the leading-order heavy-meson chi-
ral Lagrangian in the double expansions of 1/MP ∗ and Goldstone-boson momenta.
Before proceeding further, we should like to make two remarks on the Lagrangian
L(1)v,PP ∗ . First of all, the parameters MP and MP ∗ in Eq. (1.8) are taken to be the
physical masses of the heavy mesons P and P ∗ respectively. This accounts for the
appearence of ∆M2P (v)P †(v) in Eq. (1.8). Theoretically, we expect
MP ∗ −MP = O
(
Λ2QCD
mQ
)
, (1.10)
so ∆M2 is of order Λ2QCD and it is a simplest 1/MH correction to the leading terms
of L(1)v,PP ∗ which we keep. Second, the coupling constants f and g are no longer
assumed to satisfy the spin symmetry relation (1.3).
It has been noted by Luke and Manohar [20] that the structure of the 1/MH
expansion must satisfy the “reparametrization invariance” which is a conseqence
of the nonuniqueness of the parametrization (1.4). The four-velocity v and the
residual momentum k can be arbitrarily chosen so long as v2 = 1 and k ∼ ΛQCD <<
5
MH . For consistency, the heavy-meson chiral theory must be invariant under the
transformation
v → v + r/MP ∗ , k → k − r, (1.11a)
(v + r/MP ∗)
2 = 1. (1.11b)
This leads to the conclusion that a reparametrization-invariant heavy-meson chiral
Lagrangian, which we denote as L˜PP ∗, must have the following structure [20]
L˜PP ∗ =
∑
v
L˜v,PP ∗(P (v), P˜ ∗µ(v),Wµ), (1.12)
where
Wµ = vµ + iDµ
MP ∗
, (1.13a)
P˜ ∗µ(v) = P ∗µ(v)− vµ iD · P
∗(v)
MP ∗
. (1.13b)
Therefore, to maintain the reparametrization invariance to order O(1/MP ∗), the
Lagrangian is agumented to be
L˜(1)v,PP ∗ =−M2P ∗P (v)(W2 − 1)P †(v) +M2P ∗P˜ ∗µ(v)(W2 − 1)P˜ ∗†µ (v)
+ ∆M2P (v)P †(v) + f
√
MPMP ∗ [P (v)AµP˜ ∗†µ (v) + P˜ ∗µ(v)AµP †(v)]
+ iM
P∗
gǫµνλκ[P˜
∗µ(v)
←−WνAλP˜ ∗κ†(v) + P˜ ∗µ(v)AλWνP˜ ∗κ†(v)].
(1.14)
The prescription (1.13) uniquely determines the terms of order 1/MP ∗ necessary
to ensure the reparametrization invariance of L˜(1)v,PP ∗ . These 1/MP ∗ corrections
are essentially kinematic in nature. They are important, but they can be retrieved
by following the prescription (1.13). However, there are other 1/MP ∗ contribu-
tions which are reparametrization invariant by themselves, but at least contain
two derivatives. It should be pointed out that the original Lagrangian (1.1) is
reparametrization invariant. Eq.(1.14) follows simply from Eq.(1.1) by keeping
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the first two leading orders in the 1/MH expansion using Eq.(1.7) (in particular,
Eq.(1.7c) should hold to order 1/MH). The requirement of reparametrization in-
variance will become more useful as the 1/MH expansion is carried out to higher
orders, or when we deal with new situations [21].
There is another type of 1/MP ∗ corrections which will be the focus of the
present work. In contrast with the previous corrections, these are dynamical in
nature and they arise from taking into account the 1/mQ terms in HQET. It is
well known that the following two operators in HQET break the heavy-quark spin-
flavor symmetry at the order of 1/mQ [7,8]:
L = h¯viv ·Dhv + LI , (1.15a)
LI = O1 +O2, (1.15b)
O1 =
1
2mQ
h¯v(iD)
2hv, (1.15c)
O2 =
1
2mQ
h¯v(−1
2
gsσµνG
µν)hv. (1.15d)
Specifically, the operator O1 breaks the flavor symmetry, and the operator O2
breaks both the flavor and spin symmetries. To the first order in the Goldstone
boson’s momentum, the only effects of O1 and O2 are to make 1/mQ corrections
to the coupling constants f and g which appear in Eq.(1.14). To order 1/mQ, we
may write
f = f0 + fc
Λ
2mQ
, (1.16a)
g = g0 + gc
Λ
2mQ
, (1.16b)
where g0 =
1
2f0, and Λ is an arbitrary mass scale. Presumably, the value for Λ
should be chosen in such a way that fc ≈ f0 and gc ≈ g0. Under this requirement,
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it has recently been argued that the parameter Λ is of order Λχ rather than ΛQCD
[22]. However, we will take no position on this point as it is still not widely
accepted.
We observe that the two types of 1/MH (1/mQ) corrections discussed above
have distinct characteristics. The 1/MH correction demanded by reparametrization
invariance introduces new structures which modify the leading order Lagrangian.
The other, dynamical corrections of order 1/mQ produce heavy quark symmetry
breaking contributions to the coupling constants in the leading order Lagrangian
but they do not alter the structure of the Lagrangian. The two effects together
provide the complete 1/MH (1/mQ) corrections to heavy quark symmetry. Since
1/MH = 1/mQ+O(1/m
2
Q), there is no need to keep the difference between 1/MH
and 1/mQ at this order.
So far, we have used the heavy meson dynamics as an example to discuss
the various issues in the 1/MH (1/mQ) corrections to the heavy quark symmetry.
Clearly, we can carry out a similar discussion for heavy baryons on reparametriza-
tion invariance and dynamical corrections to the coupling constants.
With the issues in the 1/MH (1/mQ) corrections clearly defined, we will con-
centrate our attention in what follows on interactions between the heavy hadrons
and the Goldstone bosons with a single derivative. Section 2 is devoted to a study
of the O(1/mQ) correction to the coupling constants for both strong and elec-
tromagnetic interactions in the heavy meson secetor. A similar study for heavy
baryons is carried out in Section 3. We will employ the method of interpolating
fields extensively utilized in Ref.[17]. We find that all the heavy quark spin sym-
metry relations among the coupling constants (both strong and electromagnetic)
are completely broken by 1/mQ corrections.
Finally, in Section 4 we make some concluding remarks and we shall com-
ment on the work done by Randall and Sather [23] concerning the SU(3)-violating
corrections to the heavy-meson hyperfine splitting, which is a typical O(1/mQ)
phenomenon. As we shall point out, the calculation performed in Ref. [23] is
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incomplete, namely it does not include all the corrections of order 1/mQ.
9
2. 1/mQ Corrections to the Dynamics of Heavy Mesons
In this section we shall study the 1/mQ corrections to the coupling constants
of the heavy-meson chiral Lagrangian given by Eqs. (2.16) and (2.19) of Ref.[17].
First of all, we shall rewrite the chiral Lagrangians L(1)PP ∗ and L
(2)
PP ∗ in terms of
velocity-dependent fields and retain only the leading terms in the 1/MH expansion.
The velocity-dependent version of L(1)PP ∗ is given by Eq. (1.8), which we recall here
for convenience:
L(1)v,PP ∗ = −2iMP ∗P (v)v ·DP †(v) + 2iMP ∗P ∗µ(v)v ·DP ∗†µ (v)
+ ∆M2P (v)P †(v) + f
√
MPMP ∗ [P (v)AµP ∗†µ (v) + P ∗µ(v)AµP †(v)]
+ 2iMP ∗ gǫµνλκP
∗µ(v)vνAλP ∗κ†(v),
(2.1)
with
∆M2 = M2P ∗ −M2P . (2.2)
Substituting Eqs.(1.7a) and (1.7b) into L(2)PP ∗ which describes the radiative transi-
tions, we obtain (see Ref.[17] for notations)
L(2)v,PP ∗ =
√
MPMP ∗ǫµναβv
αP ∗β(v)[
1
2
d(ξ†Qξ + ξQξ†) + d′Q′]F µνP †(v) + h.c.
+ id
′′
MP ∗FµνP
∗ν(v)[γQ′ − 1
2
(ξ†Qξ + ξQξ†)]P ∗µ†(v),
(2.3)
where Q′ is the heavy-quark’s charge and Q denotes the charge matrix of the light
quarks:
Q =


2
3 0 0
0 −13 0
0 0 −13

 . (2.4)
Note that, contrary to Eq. (2.19) of Ref.[17], we do not need to subtract from
L(2)v,PP ∗ the normal magnetic moment term of P ∗µ induced by the minimum substi-
tution. This is because such contributions are not among the leading terms kept
in (2.3).
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As indicated in Eqs.(1.16a) and (1.16b), every coupling constant in L(1)v,PP ∗ and
L(2)v,PP ∗ can be expanded in powers of 1/mQ. In particular, we have written there
the expansion for coupling constants f and g:
f = f0 + fc
Λ
2mQ
, (2.5)
and
g = g0 + gc
Λ
2mQ
. (2.6)
The zeroth order contributions f0 and g0 are related by HQS [11], namely
g0 =
1
2
f0. (2.7)
To compute the 1/mQ corrections to f0 and g0, we insert operators O1 and O2,
defined in Eqs. (1.15c) and (1.15d), into the relevant decay amplitudes:
∆M ≡ ∆M [P ∗(v, ε)→ P (v) + πa(q)]
=
1
fpi
qµ 〈P (v)| iT
∫
d4x[O1(x) +O2(x)]Aaµ(0) |P ∗(v, ε)〉 ,
(2.8)
∆M ′ ≡ ∆M [P ∗(v, ε)→ P ∗(v, ε′) + πa(q)]
=
1
fpi
qµ
〈
P ∗(v, ε′)
∣∣ iT ∫ d4x[O1(x) +O2(x)]Aaµ(0) |P ∗(v, ε)〉 . (2.9)
To determine the general Lorentz structure of Eqs.(2.8) and (2.9), we recall that
the interpolating fields for pseudoscalar and vector mesons are given by [24]:
Pi(v) = q¯γ5h
i
v
√
MP , (2.10a)
P ∗i (v, ε) = q¯ε/h
i
v
√
MP ∗ . (2.10b)
Since we will keep only leading terms in the 1/MH expansion, we can simply
neglect the 1/MH corrections needed for reparametrization invariance. For the
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same reason, we can also neglect residual momenta k and k′ in Eqs. (2.8), (2.9) and
(2.10). Furthermore, we shall treat contributions from O1 and O2 separately. Since
O1 preserves heavy quark spin symmetry, its contributions to both amplitudes must
be of the following forms:
∆M1 =
ags
fpimQ
√
MPMP ∗(ε · q)u(P ∗)∗ τ
a
2
u(P ), (2.11a)
∆M ′1 = −
ags
fpimQ
MP ∗u(P
∗)∗
τa
2
u(P ′∗)iǫµνλκq
µε′νvλεκ, (2.11b)
where u(P ∗), u(P ) and u(P ′∗) are isospin wave functions of the heavy mesons, and
a is a constant independent of heavy quark masses.
The contributions from O2 are given by
∆M2 = − gsq
µ
4mQfpi
〈P (v)| iT
∫
d4x h¯vσ
αβGαβhv(x)Aaµ(0) |P ∗(v, ε)〉 , (2.12a)
∆M ′2 = −
gsq
µ
4mQfpi
〈
P ∗(v, ε′)
∣∣ iT ∫ d4x h¯vσαβGαβhv(x)Aaµ(0) |P ∗(v, ε)〉 . (2.12b)
To evaluate ∆M2 and ∆M
′
2, we make use of Eqs. (2.10a) and (2.10b) to obtain:
∆M2 = −gsq
µ
√
MPMP ∗
4mQfpi
〈0| iT
∫
d4x q¯vγ5hvh¯vσ
αβGαβhv(x)Aaµ(0)h¯vε/ qv |0〉
=
gsq
µ
√
MPMP ∗
4mQfpi
tr
(
γ5
1 + v/
2
σαβ
1 + v/
2
ε/ 〈0| iT
∫
d4x qvGαβAaµq¯v |0〉
)
,
(2.13a)
∆M ′2 = −
gsq
µ
√
MP ∗MP ∗
4mQfpi
〈0| iT
∫
d4x q¯vε/
′hvh¯vσ
αβGαβhv(x)Aaµ(0)h¯vε/ qv |0〉
=
gsq
µMP ∗
4mQfpi
tr
(
ε/ ′
1 + v/
2
σαβ
1 + v/
2
ε/ 〈0| iT
∫
d4x qvGαβAaµq¯v |0〉
)
.
(2.13b)
Both of Eqs. (2.13a) and (2.13b) contain a matrix element which describes the
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dynamics of light constituents:
Mαβµ = 〈0| iT
∫
d4xqvGαβAaµq¯v |0〉
= u(P ∗)∗
τa
2
u(P )[ǫαβµν(bv
ν + cγν + dγνv/ ) + e1γ5σαβvµ
+ ie2γ5(gαµγβ − gβµγα)],
(2.14)
where b, c, d, e1 and e2 are constants independent of heavy quark masses. Note
that we have suppressed the q-dependent terms since they correspond to higher-
dimensional terms in chiral expansion. The right hand side of Eq.(2.14) is the most
general expression consistent with the symmetry properties of its left hand side.
Substituting Eq.(2.14) into Eq.(2.13) yields
∆M2 = −gs
√
MPMP ∗
4mQfpi
(ε · q)× 4u(P ∗)∗ τ
a
2
u(P )(b− c+ d+ 2e2), (2.15a)
∆M ′2 = −
gsMP ∗
4mQfpi
× 4iu(P ∗)∗ τ
a
2
u(P ′∗)(b− c+ d)ǫµναβqµε′νvαεβ. (2.15b)
Since ∆M and ∆M ′ can also be computed through the chiral Lagrangian by ex-
panding
Aµ = − 1
fpi
∂µ(
1
2
τaπa) + · · · , (2.16)
hence the ∆M and ∆M ′ given by (2.11) and (2.15) imply
fc =
2gs
Λ
[a− (b− c+ d+ 2e2)], (2.17a)
and
gc =
gs
Λ
[a + (b− c+ d)]. (2.17b)
It is clear that gc 6= 12fc in general.
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We note that the same combination b−c+d appears in both fc and gc. It means
that the corrections fc and gc are characterized by three parameters a, b − c + d
and e2! We will now show that e2 is zero, so actually there are only two unknowns
to describe the two coupling constants fc and gc. The two processes P
∗ → P + π
and P → P ∗ + π are related by charge conjugation, and the appropriate coupling
constants are f and f∗, respectively. In Eqs.(1.1) and (1.8), it is implicitly assumed
that f is real; this can always be accomplished with a judicious choice of phases
for the field operators of the heavy mesons. We will assume that this is done. Let
us denote
∆M ′′ ≡ ∆M [P (v)→ P ∗(v, ε) + πa(q)], (2.18)
which can be computed by the same procedure for computing ∆M . We find that
∆M ′′ also depends on Mαβµ given by (2.14). Indeed, we obtain
∆M ′′ = −gs
√
MPMP ∗
4mQfpi
(ε · q)× 4u(P ∗)∗ τ
a
2
u(P )(b− c+ d− 2e2), (2.19)
which gives
f∗c =
2gs
Λ
[a− (b− c+ d− 2e2)]. (2.20)
We now demand fc = f
∗
c . A comparsion of (2.17) and (2.20) yields e2 = 0. Finally,
fc =
2gs
Λ
(a− b′), (2.21a)
and
gc =
gs
Λ
(a+ b′), (2.21b)
where b′ = b− c+ d.
To discuss 1/mQ corrections to the coupling constants in L(2)v,PP ∗ , we shall
treat the heavy-quark and light-quark electromagnetic currents separately. In the
case of the heavy-quark electromagnetic current, the relevant coefficients d′ and
14
d′′γ are both of order 1/mQ because they arise from the magnetic moment of the
heavy quark. As pointed out by us [17] and by others [15,16], these couplings
are rigorously determined by the heavy quark effective theory. For completeness,
we shall reproduce the results here. First of all, the heavy-quark electromagnetic
current in the effective theory to order 1/mQ can be written as [9]
Jemµ = h¯v′γµhv −
i
2mQ
h¯v′(
←−
D/ γµ − γµD/ )hv
= h¯v′γµhv − i
2mQ
h¯v′(
←−
D/ γµ + γµ
←−
D/ )hv +
i
2mQ
∂ν(h¯v′γµγνhv).
(2.22)
Using the identity
γµγν = gµν − iσµν , (2.23)
the Gordon decomposition
h¯v′γµhv =
1
2
h¯v′(v
′ + v)µhv +
1
2
ih¯v′σµν(v
′ − v)νhv, (2.24)
and the identity
〈
Hf (v
′)
∣∣ ∂µ(h¯v′Γhv) |Hi(v)〉 = iΛ¯(v′ − v)µ 〈Hf (v′)∣∣ h¯v′Γhv |Hi(v)〉 , (2.25)
with Hf and Hi being generic hadronic states and Λ¯ = MHf −mQ = MHi −mQ,
we finally arrive at
Jemµ
.
=
1
2
h¯v′(v
′ + v)µhv − i
2mQ
kν h¯v′σµνhv +O
vv′
µ , (2.26)
where kν = −MH(v′ − v)ν , and
Ovv
′
µ = −
i
mQ
h¯v′
←−
Dµhv − Λ¯
2mQ
(v′ − v)ν h¯v′γµγνhv. (2.27)
In Eq.(2.26), we have used the notation
.
= to remind the reader that such rela-
tion holds only after taking the matrix element. The contribution due to Ovv
′
µ
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is negligible since it cannot change the normalization of Jemµ at v = v
′, and its
contribution to the anomalous magnetic coupling is necessarily of order 1
m2Q
. The
first term in Eq. (2.26) corresponds to the convection current of the heavy quark,
which has already been taken into account in L(1)v,PP ∗. The second term, which is
of order 1/mQ, will contribute to the coefficients d
′ and d′′γ in L(2)v,PP ∗. There is
another source of 1mQ corrections which arises when one evaluates the time-ordered
products of 12 h¯v′(v
′ + v)µhv with the symmetry-breaking operators O1 and O2.
However, these contributions vanish at v = v′ since the normalization of the vector
current is already fixed at the leading order. Consequently, to order 1/mQ, the
parameters d′ and d′′γ are solely induced by the second term on the r.h.s. of Eq.
(2.26):
FQµ =
〈
P ∗(v′, ε′)
∣∣ ieQ′
2mQ
kν h¯v′σµνhv |P ∗(v, ε)〉 |v=v′, (2.28a)
F˜Qµ =
〈
P (v′)
∣∣ ieQ′
2mQ
kν h¯v′σµνhv |P ∗(v, ε)〉 |v=v′. (2.28b)
The evaluation of FQµ and F˜
Q
µ is straightforward with the aid of Eqs. (2.10a) and
(2.10b). Taking FQµ as an example, we convert the matrix element in Eq. (2.28a)
into:
FQµ =
ieQ′
2mQ
kνMP ∗ 〈0| q¯v′ε/ ′hv′h¯v′σµνhvh¯vε/ qv |0〉 |v=v′
= − ieQ
′
2mQ
kνMP ∗ tr
(
ε/ ′
1 + v/
2
σµν
1 + v/
2
ε/ 〈0| qv q¯v′ |0〉 |v=v′
)
,
(2.29)
where [2]
〈0| qv q¯v′ |0〉 |v=v′ = ξ(v · v′ = 1) = 1. (2.30)
Working out the trace, we obtain
FQµ = −
eQ′MP ∗
mQ
(εµε
′ · k − ε′µε · k). (2.31a)
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Similarly, we have
F˜Qµ = −
ieQ′√MPMP ∗
mQ
ǫµναβk
νεαvβ. (2.31b)
Comparing Eq.(2.31) with Eq.(2.3), we obtain
d′ = − e
2mQ
, d′′γ =
e
mQ
. (2.32)
To determine d and d′′, we need to consider the form factors induced by the
light-quark electromagnetic current. To order 1/mQ, we have
d = d0 + dc
Λ
2mQ
, (2.33a)
d′′ = d′′0 + d
′′
c
Λ
2mQ
. (2.33b)
As discussed in Ref.[17], one can apply the heavy-quark spin symmetry to obtain
d0 = −1
2
d′′0. (2.34)
To see whether dc and d
′′
c obey the same relation, we evaluate the following magnetic
form factors induced by the light quark electromagnetic current jemµ ≡ eq¯Qγµq:
Fµ =
〈
P ∗(v, ε′)
∣∣ iT ∫ d4x[O1(x) +O2(x)]jemµ (0) |P ∗(v, ε)〉m , (2.35a)
F˜µ = 〈P (v)| iT
∫
d4x[O1(x) +O2(x)]j
em
µ (0) |P ∗(v, ε)〉m , (2.35b)
where the subscript m indicates the fact that we keep only the magnetic interac-
tions. To evaluate Fµ and F˜µ, we again employ the technique of interpolating fields
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[24] to obtain
Fµ = 〈0| iT
∫
d4x q¯vε/
′hv[O1(x) +O2(x)]j
em
µ (0)h¯vε/ qv |0〉m , (2.36a)
and
F˜µ = 〈0| iT
∫
d4x q¯vγ5hv[O1(x) +O2(x)]j
em
µ (0)h¯vε/ qv |0〉m . (2.36b)
For convenience, we shall treat contributions by O1(x) and O2(x) separately. Their
contributions are denoted by F 1µ (F˜
1
µ) and F
2
µ (F˜
2
µ) respectively. As O1(x) preserves
the heavy-quark spin symmetry, F 1µ is related to F˜
1
µ in such a way that
F 1µ =
2a1gs
mQ
MP ∗(εµε
′ · k − ε′µε · k), (2.37a)
and
F˜ 1µ =
2ia1gs
mQ
√
MPMP ∗ǫµναβk
νvαεβ, (2.37b)
with a1 being a constant independent of the heavy quark mass. For simplicity, we
have set the charge matrix Q = 1 and suppressed the flavor quantum numbers
while obtaining Eqs.(2.35) and (2.37). To compute F 2µ and F˜
2
µ , we apply Eqs.
(2.10a) and (2.10b) to obtain
F 2µ = −
gsMP ∗
4mQ
〈0| iT
∫
d4x q¯vε/
′hvh¯vσ
αβGαβhv(x)j
em
µ (0)h¯vε/ qv |0〉m
=
gsMP ∗
4mQ
tr
(
ε/ ′
1 + v/
2
σαβ
1 + v/
2
ε/ 〈0| iT
∫
d4x qvGαβj
em
µ q¯v |0〉
)
m
,
(2.38a)
F˜ 2µ = −
gs
√
MPMP ∗
4mQ
〈0| iT
∫
d4x q¯vγ5hvh¯vσ
αβGαβhv(x)j
em
µ (0)h¯vε/ qv |0〉m
=
gs
√
MPMP ∗
4mQ
tr
(
γ5
1 + v/
2
σαβ
1 + v/
2
ε/ 〈0| iT
∫
d4x qvGαβj
em
µ q¯v |0〉
)
m
.
(2.38b)
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The non-perturbative dynamics of the light constituents can be parametrized as
M ′αβµ = 〈0| iT
∫
d4x qvGαβj
em
µ q¯v |0〉
= −ib1(gαµkβ − gβµkα),
(2.39)
where k is the outgoing photon momentum and b1 is a constant independent of
the heavy quark mass. In Eq.(2.39), we kept only structures linear in k relevant to
magnetic interactions. With this to be understood, Eq.(2.39) then represents the
most general Lorentz structure forM ′αβµ which is consistent with gauge invariance,
parity conservation, and the constraint M ′αβµ = −M ′βαµ. Substituting Eq.(2.39)
into Eqs. (2.38a) and (2.38b), we obtain
F 2µ =
−gsMP ∗
mQ
b1(εµε
′ · k − ε′µε · k), (2.40a)
F˜ 2µ =
igs
√
MPMP ∗
mQ
b1ǫµναβk
νvαεβ. (2.40b)
Since the results in Eqs.(2.40a) and (2.40b) can also be obtained from the La-
grangian L(2)v,PP ∗ , we can hence make the following identifications:
dc =
gs
Λ
(2a1 + b1), (2.41a)
d′′c =
2gs
Λ
(−2a1 + b1). (2.41b)
It is clear that dc 6= −12d′′c in general.
Eqs.(2.21) and (2.41) are the main results in this section.
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3. 1/mQ Corrections to the Dynamics of Heavy Baryons
In this section we study the 1/mQ corrections to the coupling constants ap-
pearing in the heavy-baryon chiral Lagrangian L(1)B and L
(2)
B given by Eqs. (3.8)
and (3.9) respectively in Ref.[17]. In terms of velocity-dependent fields,
L(1)v,B =
1
2
tr[B¯3¯(v)(iv ·D)B3¯(v)] + tr[B¯6(v)(iv ·D)B6(v)]
− tr[B¯∗µ6 (v)(iv ·D)B∗6µ(v)]
+ g1tr[B¯6(v)γµγ5AµB6(v)] + g2tr[B¯6(v)γµγ5AµB3¯(v)] + h.c.
+ g3tr[B¯
∗
6µ(v)AµB6(v)] + h.c. + g4tr[B¯∗µ6 (v)AµB3¯(v)] + h.c.
+ g5tr[B¯
∗ν
6 (v)γµγ5AµB∗6ν(v)] + g6tr[B¯3¯(v)γµγ5AµB3¯(v)],
(3.1)
with
DµB(v) = ∂µB(v) + VµB(v) +B(v)VµT + ieQ′AµB(v) + ieAµ{Q, B(v)}, (3.2)
where as before Q = diag(23 ,−13 ,−13) is the charge matrix of light quarks and Q′
is the charge of the heavy quark Q. Note that we have omitted those terms which
are induced by mass differences between various baryons.
It is well known that baryons do not behave much like Dirac point particles.
As a result, they can have large anomalous magnetic moments. The most general
gauge invariant Lagrangian for magnetic transitions of heavy baryons is given by
L(2)v,B = a1tr[B¯6(v)Qσ · FB6(v)] + a′1tr[B¯6(v)Q′σ · FB6(v)]
+ a2tr[B¯6(v)Qσ · FB3¯(v)] + h.c. + a′2tr[B¯6(v)Q′σ · FB3¯(v)] + h.c.
+ a3tr[ǫµνλκB¯
∗µ
6 (v)QγνF λκB6(v)] + h.c.
+ a′3tr[ǫµνλκB¯
∗µ
6 (v)Q′γνF λκB6(v)] + h.c.
+ a4tr[ǫµνλκB¯
∗µ
6 (v)QγνF λκB3¯(v)] + h.c.
+ a′4tr[ǫµνλκB¯
∗µ
6 (v)Q′γνF λκB3¯(v)] + h.c.
+ a5tr[B¯
∗µ
6 (v)Qσ · FB∗6µ(v)] + a′5tr[B¯∗µ6 (v)Q′σ · FB∗6µ(v)]
+ a6tr[B¯3¯(v)Qσ · FB3¯(v)] + a′6tr[B¯3¯(v)Q′σ · FB3¯(v)].
(3.3)
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The Lagrangian L(2)v,B is also the most general chiral-invariant one provided that
one makes the replacement
Q → 1
2
(ξ†Qξ + ξQξ†), Q′ → Q′. (3.4)
Note that, contrary to Eq. (3.9) of Ref.[17], we do not need to subtract from
Eq.(3.3) the Dirac magnetic moments of the heavy baryons, because L(1)v,B is now
expressed in terms of velocity dependent fields and consequently contains no Dirac
magnetic moments to the lowest order. The magnetic couplings ai are induced by
light-quark electromagnetic currents whereas a′i are induced by heavy-quark ones
and they are of order 1/mQ.
To incorporate 1/mQ corrections, we expand the coupling constants in L(1)v,B
and L(2)v,B as follows:
gi = g
0
i + g
c
i
Λ
2mQ
, (3.5a)
ai = a
0
i + a
c
i
Λ
2mQ
. (3.5b)
Let us first focus on the coupling constants gi’s in L(1)v,B. The relations among the
leading terms g0i are governed by HQS [11]. They have been derived by evaluating
the decay amplitudes B3¯ → B3¯+π, B6(B∗6)→ B3¯+π, and B6(B∗6)→ B6(B∗6)+π.
The results can be summarized as follows:
g03 =
√
3
2
g01, g
0
5 = −
3
2
g01, (3.6a)
g04 = −
√
3g02, (3.6b)
g06 = 0. (3.6c)
The result g06 = 0 follows from the fact that, in the heavy quark spin symmetry
limit, the strong transition between antitriplet baryons is forbidden by parity con-
servation. To relate the sub-leading coefficients gci ’s, we insert the operators O1
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and O2 of Eqs. (1.15c) and (1.15d) into the relevant matrix elements. First of all,
the sub-leading amplitude for B3¯ → B3¯ + π is given by
∆M3¯[B3¯(v, s)→ B3¯(v, s′) + πa(q)]
=
1
fpi
qµ
〈
B3¯(v, s
′)
∣∣ iT ∫ d4x[O1(x) +O2(x)]Aaµ(0) |B3¯(v, s)〉 . (3.7)
To determine the general Lorentz structure of M3¯, we employ the following inter-
polating field for antitriplet baryons [25]:
B3¯(v, s) = u¯(v, s)φvhv, (3.8)
where φv is a Lorentz scalar. One can easily show that O1 does not contribute to
M3¯. Denoting the O1’s contribution as ∆M
1
3¯
, we then have
∆M13¯ [B3¯(v, s)→ B3¯(v, s′) + πa(q)]
=
1
2fpimQ
qµ
〈
B3¯(v, s
′)
∣∣ iT ∫ d4x h¯v(iD)2hv(x)Aaµ(0) |B3¯(v, s)〉 . (3.9)
By Eq.(3.8) we may rewrite Eq.(3.9) as
∆M13¯ =
1
2fpimQ
qµu¯(v, s′)u(v, s) 〈0| iT
∫
d4xφv(iD)
2Aaµφ†v |0〉 . (3.10)
Since we cannot construct an axial vector out of v and q, we conclude that
〈0| iT
∫
d4xφv(iD)
2Aaµφ†v |0〉 = 0, (3.11)
and hence ∆M1
3¯
= 0. The situation is different in the case of O2-insertion. The
amplitude ∆M2
3¯
is given by
∆M23¯ = −
gsq
µ
4mQfπ
〈
B3¯(v, s
′)
∣∣ iT ∫ d4x h¯vσαβGαβhv(x)Aaµ(0) |B3¯(v, s)〉 . (3.12)
Applying Eq.(3.8) gives
∆M23¯ = −
gsq
µ
4mQfpi
u¯(v, s′)
1 + v/
2
σαβ
1 + v/
2
u(v, s) 〈0| iT
∫
d4xφvGαβφ
†
vAaµ |0〉 .
(3.13)
Since the diquark field φv is a Lorentz scalar, we may parametrize the matrix
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element of light constituents as
〈0| iT
∫
d4xφvGαβφ
†
vAaµ |0〉 = −rǫαβµνvν , (3.14)
where r is a constant independent of the heavy quark mass. We have also neglected
the flavor wave functions of incoming and outgoing baryons as they are irrelevant
to our discussion. Substituting Eq.(3.14) into Eq.(3.13) yields
∆M23¯ =
rgs
2mQfpi
u¯(v, s′)q/γ5u(v, s). (3.15)
Comparing this result with Eqs.(3.1) and (3.5), we find
gc6 =
rgs
Λ
, (3.16)
which is non-vanishing in general. This shows that the decay B3¯ → B3¯ + π, while
forbidden in the infinitely heavy quark limit, is allowed in the sub-leading order.
As a similar conclusion has also been arrived by Cho [18], we would like to compare
our result with his in some details.
Cho constructed the following operator to describe the decay B3¯ → B3¯ + π to
the order of 1/mQ:
OTTA =
i
mQ
ǫµνσλT¯
j(v)σµνDσTi(v)(Aλ)ij , (3.17)
where
T (v)i = ǫijk(B3¯(v))jk, (3.18)
apart from an overall normalization. In Eq.(3.18), (B3¯)jk is the jk matrix element
in the baryon matrixB3¯ [11]. The operatorOTTA is not reparametrization invariant
itself. Therefore, it should be part of one which is. We will now show that OTTA
23
is a reparametrization invariant partner to the interaction term in (3.1) with the
coupling constant g6:
L6 = g6tr[B¯3¯γµγ5AµB3¯], (3.19)
where it is understood that B3¯ and B¯3¯ have velocity v. The reparametrization
invariant generalization of L6 is obtained through the substitution [20]
B3¯ →
(
1 +
iD/
2M3¯
)
B3¯. (3.20)
The result is
L˜6 = g6tr
[
B¯3¯
(
1− i
←−
D/
2M3¯
)
γµγ5Aµ
(
1 +
iD/
2M3¯
)
B3¯
]
= L6 + L′6,
(3.21)
where L6 is given by (3.19) and
L′6 = −
ig6
2M3¯
tr
{
B¯3¯[
←−
D/ γµAµ + γµAµD/ ]γ5B3¯
}
. (3.22)
The identity
γµγν = gµν − iσµν , (3.23)
reduces L′6 to
L′6 = −
ig6
2M3¯
tr
{
B¯3¯(
←−
DµAµ+AµDµ)γ5B3¯+ iB¯3¯σµν(←−DνAµ−AµDν)γ5B3¯
}
. (3.24)
The first term in (3.24) vanishes as a result of the two identities
(
B¯3¯
)
ij
(
←−
∂ µ + ∂µ)γ5 (B3¯)kl = ∂µ
[(
B¯3¯
)
ij
γ5 (B3¯)kl
]
, (3.25a)
(
B¯3¯
)
ij
γ5 (B3¯)kl = 0. (3.25b)
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The second term in (3.24) can be further transformed with the aid of the identity
ǫµνσλσ
µν = 2iσσλγ5. (3.26)
Finally, we obtain
L′6 =
ig6
4M3¯
ǫµνσλtr
[
B¯3¯σ
µν(
←−
DσAλ −AλDσ)B3¯
]
, (3.27)
which aside from the factor g6 is OTTA in a somewhat different notation. We
see that as a reparametrization invariant partner to L6, the coupling constant for
OTTA is given by g6 which is of order O(1/mQ). Since the operator OTTA already
contains a factor of 1/mQ, its contribution is smaller by one power of 1/mQ relative
to L6.
Our next task is to relate gc2 to g
c
4. To do this, we evaluate the amplitudes of
B6 → B3¯ + π and B∗6 → B3¯ + π. With our previous notations, the sub-leading
contribution is
∆M63¯[B6(v, s, κ)→ B3¯(v, s′) + πa(q)]
=
1
fpi
qµ
〈
B3¯(v, s
′)
∣∣ iT ∫ d4x[O1(x) +O2(x)]Aaµ(0) |B6(v, s, κ)〉 , (3.28)
where κ is used to specify the spin of sextet baryons: κ = 1 corresponds to spin-12
baryons whereas κ = 2 denotes spin-32 ones. To evaluate ∆M63¯, we employ the
following interpolating fields [17]
B6(v, s, κ) = B¯µ(v, s, κ)φ
µ
vhv, (3.29)
where φµv is an axial vector field. The wave function B¯µ is given by
B¯µ(v, s, κ = 1) =
1√
3
u¯(v, s)γ5(γµ + vµ), (3.30a)
B¯µ(v, s, κ = 2) = u¯µ(v, s), (3.30b)
with uµ(v, s) and u(v, s) being the Rarita-Schwinger’s vector spinor and usual Dirac
25
spinor respectively. The contribution from the operator O2 gives
∆M263¯ = −
gsq
µ
4mQfpi
〈
B3¯(v, s
′)
∣∣ iT ∫ d4xh¯vσαβGαβhv(x)Aaµ(0) |B6(v, s, κ)〉
= − gsq
µ
4mQfpi
u¯(v, s′)
1 + v/
2
σαβ
1 + v/
2
Bν(v, s, κ)×
〈0| iT
∫
d4xφvGαβAaµφ†v,ν |0〉 .
(3.31)
The matrix element for light constituents may be parametrized as
Mµναβ = 〈0|φvGαβAaµφ†v,ν |0〉
= r1(gµαvβ − gµβvα)vν + r2(gναvβ − gνβvα)vµ
+ ir3(gαµgβν − gβµgαν),
(3.32)
where r1, r2 and r3 are constants independent of the heavy quark mass, and the
flavor wave functions are neglected for simplicity. This is the most general Lorentz
structure for Mµναβ which is antisymmetric in α and β. With Eq.(3.32) we can
immediately conclude that contributions from r1 and r2 are zero because of the
identity
1 + v/
2
σαβ
1 + v/
2
vα = 0. (3.33)
The contribution due to r3 is
∆M263¯ = −i
r3gsq
µ
2mQfpi
u¯σµνB
ν(v, s, κ). (3.34)
Using (3.30) for the wave function Bν , we find
∆M263¯(6
∗ → 3¯) = − r3gs
2mQfpi
u¯qµuµ, (3.35a)
∆M263¯(6→ 3¯) = −
r3gs√
3mQfpi
u¯3¯q/γ5u6, (3.35b)
where we have used the notations 6∗ and 6 to denote a spin 32 and spin
1
2 baryon in
the sextet, respectively. Eq.(3.35) implies the following corrections to the coupling
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constants g2 and g4:
gc2 =
gs
Λ
(
r′ − 2√
3
r3
)
, (3.36a)
gc4 =
gs
Λ
(
−
√
3r′ − r3
)
, (3.36b)
where we have added the contributions proportional to r′ coming from the operator
O1 which preserves the spin symmetry.
Finally, we discuss strong transitions among sextet baryons. The contribution
due to O2 gives
∆M266 = −
gsq
µ
4mQfpi
〈
B6(v, s
′, κ′)
∣∣ iT ∫ d4xh¯vσαβGαβhv(x)Aaµ(0) |B6(v, s, κ)〉
= − gsq
µ
4mQfpi
B¯ρ(v, s′, κ′)
1 + v/
2
σαβ
1 + v/
2
Bν(v, s, κ)×
〈0| iT
∫
d4xφv,ρGαβAaµφ†v,ν |0〉 .
(3.37)
The matrix elements of the light constituents can be parametrized as
Mαβµλκ = 〈0| iT
∫
d4xφv,λGαβAaµφ†v,κ |0〉
= vµǫλαβκ s+ ǫαβµνv
νgλκs1 + ǫαβκνv
νgλµs2 + ǫαβλνv
νgµκs3
+ (gαµǫβνλκ − gβµǫανλκ)vνs4 + (gαλǫβνµκ − gβλǫανµκ)vνs5
+ (gακǫβνµλ − gβκǫανµλ)vνs6,
(3.38)
where s and si are constants independent of the heavy quark mass, and the flavor
wave functions are again neglected. This is the most general Lorentz structure for
Mαβµλκ which conserves parity, and is antisymmetric with respect to the indices
α and β. Let us write
∆M266 = −
gsqµ
4mQfpi
∆, (3.39)
with
∆ = B¯λ(v, s
′, κ′)σαβBρ(v, s, κ)M
αβµλρ. (3.40)
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We further denote
∆ = ∆s +∆1 +∆2 + · · ·+∆6 (3.41)
for contributions due to s, s1, s2, · · · s6, respectively.
Using the properties of the wave functions
vµBµ(v, s, κ) = 0, (3.42a)
(v/ − 1)Bµ(v, s, κ) = 0, (3.42b)
γµuµ(v, s) = 0, (3.42c)
the identity (3.26) and
iǫµνλκγκ = (−γµγνγλ + gµνγλ − gµλγν + gνλγµ)γ5, (3.43)
we obtain
∆s = 0, (3.44)
∆1(6
∗ → 6∗) = 2s1u¯λγµγ5uλ, (3.45a)
∆1(6
∗ → 6) = 4√
3
s1u¯u
µ, (3.45b)
∆1(6→ 6∗) = 4√
3
s1u¯
µu, (3.45c)
∆1(6→ 6) = 2
3
s1u¯γ
µγ5u, (3.45d)
∆2(6
∗ → 6∗) = ∆2(6∗ → 6) = 0, (3.46a)
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∆2(6→ 6∗) = 2
√
3s2u¯
µu, (3.46b)
∆2(6→ 6) = −2s2u¯γµγ5u, (3.46c)
∆3(6
∗ → 6∗) = ∆3(6→ 6∗) = 0, (3.47a)
∆3(6
∗ → 6) = 2
√
3s3u¯u
µ, (3.47b)
∆3(6→ 6) = −2s3u¯γµγ5u, (3.47c)
∆4(6
∗ → 6∗) = ∆4(6→ 6) = 0, (3.48a)
∆4(6
∗ → 6) = 2
√
3s4u¯u
µ, (3.48b)
∆4(6→ 6∗) = −2
√
3s4u¯
µu, (3.48c)
∆5(6
∗ → 6∗) = 2s5u¯λγµγ5uλ, (3.49a)
∆5(6
∗ → 6) = 4√
3
s5u¯u
µ, (3.49b)
∆5(6→ 6∗) = − 2√
3
s5u¯
µu, (3.49c)
∆5(6→ 6) = 8
3
s5u¯γ
µγ5u, (3.49d)
∆6(6
∗ → 6∗) = 2s6u¯λγµγ5uλ, (3.50a)
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∆6(6
∗ → 6) = − 2√
3
s6u¯u
µ, (3.50b)
∆6(6→ 6∗) = 4√
3
s6u¯
µu, (3.50c)
∆6(6→ 6) = 8
3
s6u¯γ
µγ5u. (3.50d)
Collecting all the terms, we find
∆M2(6∗ → 6∗) = − gs
2mQfpi
(s1 + s5 + s6)u¯
λq/γ5uλ, (3.51a)
∆M2(6∗ → 6) = − gs
2mQfpi
(
2√
3
s1 +
√
3s3 +
√
3s4 +
2√
3
s5 − 1√
3
s6
)
u¯qµuµ,
(3.51b)
∆M2(6→ 6∗) = − gs
2mQfpi
(
2√
3
s1 +
√
3s2 −
√
3s4 − 1√
3
s5 +
2√
3
s6
)
u¯µq
µu,
(3.51c)
∆M2(6→ 6) = − gs
2mQfpi
(
1
3
s1 − s2 − s3 + 4
3
s5 +
4
3
s6
)
u¯q/γ5u, (3.51d)
where we have dropped the subscripts 66 in the corrections to the matrix elements
∆M2. When Eq.(3.51) is compared with (3.1), we find
gc1 = −
gs
Λ
(s′ +
1
3
s1 − s2 − s3 + 4
3
s5 +
4
3
s6), (3.52a)
gc3 = −
gs
Λ
(√
3
2
s′ +
2√
3
s1 +
√
3s2 −
√
3s4 − 1√
3
s5 +
2√
3
s6
)
, (3.52b)
gc∗3 = −
gs
Λ
(√
3
2
s′ +
2√
3
s1 +
√
3s3 +
√
3s4 +
2√
3
s5 − 1√
3
s6
)
, (3.52c)
gc5 = −
gs
Λ
(
−3
2
s′ + s1 + s5 + s6
)
, (3.52d)
where we have added a term proportional to s′ due to the operator O1 which
preserves the spin symmetry. As in the heavy meson case, we will assume that the
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phases for the field operators of the heavy baryons have been so chosen that all
the coupling constants are real. Then, gc3 = g
c∗
3 gives
s2 − s4 + s6 = s3 + s4 + s5. (3.53)
We can rewrite (3.52) in terms of the combinations
s′2 = s2 + s3, (3.54a)
s′3 = s5 + s6. (3.54b)
Finally, we obtain
gc1 = −
gs
Λ
(
s′ +
1
3
s1 − s′2 +
4
3
s′3
)
, (3.55a)
gc3 = g
c∗
3 = −
gs
Λ
(√
3
2
s′ +
2√
3
s1 +
√
3
2
s′2 +
1
2
√
3
s′3
)
, (3.55b)
gc5 = −
gs
Λ
(
−3
2
s′ + s1 + s
′
3
)
. (3.55c)
Eq.(3.55) shows that the spin symmetry relations (3.6a)-(3.6c) are completely bro-
ken at order O(1/mQ) due to the presence of the parameters s1, s
′
2 and s
′
3.
We now turn to the 1/mQ corrections to the radiative interactions L(2)v,B, we
shall treat the heavy and light quark electromagnetic currents separately. It is
known that the magnetic couplings a′1-a
′
6, induced by heavy quark electromagnetic
currents, can be rigorously determined by the heavy quark effective theory [15,17].
As in the meson case, coefficients a′1- a
′
6 arise entirely from the magnetic moment
part of Jemµ shown in Eq.(2.26). For antitriplet baryons, we evaluate the magnetic
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form factor
GQ
3¯µ
=
〈
B3¯(v, s
′)
∣∣ ieQ′
2mQ
kν h¯vσµνhv |B3¯(v, s)〉 . (3.56)
Notice that we have taken v = v′ while maintaining a finite photon momentum kν .
Applying Eq.(3.8) yields
GQ
3¯µ
=
ieQ′
2mQ
kν u¯(v, s′)
1 + v/
2
σµν
1 + v/
2
u(v, s) 〈0|φvφ†v |0〉 , (3.57)
with [25]
〈0|φvφ†v′ |0〉 = ζ(v · v′), (3.58)
and ζ(1) = 1. After simplifying the gamma matrices and comparing the result
with that given by L(2)v,B, we obtain
a′6 = −
1
4
(
e
2mQ
)
. (3.59)
For magnetic transitions between sextet and antitriplet baryons, we evaluate the
following matrix element:
GQ
63¯µ
=
〈
B3¯(v, s
′)
∣∣ ieQ′
2mQ
kν h¯vσµνhv |B6(v, s, κ)〉 . (3.60)
Application of Eqs.(3.8) and (3.29) yields
GQ
63¯µ
=
ieQ′
2mQ
kν u¯(v, s′)
1 + v/
2
σµν
1 + v/
2
Bα(v, s, κ) 〈0|φvφ†v,α |0〉 . (3.61)
Since the diquark fields φ and φµ are scalar and axial vector fields respectively,
the matrix elements 〈0|φvφ†v,α |0〉 must vanish due to conservation of parity. This
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renders
a′2 = 0, a
′
4 = 0. (3.62)
Finally, we evaluate the following matrix elements to determine the couplings a′1,
a′3 and a
′
5:
GQ66µ =
〈
B6(v, s
′, κ′)
∣∣ ieQ′
2mQ
kν h¯vσµνhv |B6(v, s, κ)〉 . (3.63)
Applying Eq.(3.29), we obtain
GQ66µ =
ieQ′
2mQ
kνB¯α(v, s′, κ′)
1 + v/
2
σµν
1 + v/
2
Bβ(v, s, κ) 〈0|φv,αφ†v,β |0〉 , (3.64)
with [25]
〈0|φv,αφ†v′,β |0〉 = −gαβξ1(v · v′) + v′αvβξ2(v · v′) + · · · , (3.65)
where terms proportional to vα or/and v
′
β are not shown, as they do not contribute
to (3.64). The normalization of ξ1 is given by
ξ1(v · v′ = 1) = 1. (3.66)
In the v = v′ limit, the function ξ2 does not contribute to G
Q
66µ because
vµBµ = 0. (3.67)
One can explicitly work out GQ66µ by substituting Eq.(3.30) into Eq.(3.64). Com-
paring results obtained in this manner with those given by the relevant couplings
in L(2)v,B, we arrive at
a′1 =
1
6
(
e
2mQ
)
, a′3 =
−1√
3
(
e
2mQ
)
, a′5 =
1
2
(
e
2mQ
)
. (3.68)
The results (3.59), (3.62) and (3.68) agree with the quark model calculations [17].
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Next we tackle the light-quark electromagnetic currents, which give rise to the
magnetic couplings a1-a6. In the heavy quark mass expansion, we again write
ai = a
0
i + a
c
i
Λ
2mQ
, (3.69)
where i = 1, 2, · · · , 6. The relations among a0i ’s were derived in Ref.[17] by eval-
uating the matrix elements for B3¯ → B3¯ + γ, B6(B∗6) → B3¯ + γ and B6(B∗6) →
B6(B
∗
6) + γ. We find
a03 = −
√
3
2
a01, a
0
5 = −
3
2
a01, a
0
4 =
√
3a02, a
0
6 = 0. (3.70)
We shall follow the previous procedure to obtain the sub-leading contributions.
For B3¯ → B3¯ + γ, we have
G3¯µ =
〈
B3¯(v, s
′)
∣∣ iT ∫ d4x[O1(x) +O2(x)]jemµ (0) |B3¯(v, s)〉m , (3.71)
where the subscript m indicates magnetic contributions only. As in the previous
section, we shall set the charge matrix Q = 1 and suppress all the flavor quantum
numbers in the subsequent discussions.
Since the operator O1 does not alter the Lorentz structure of light constituents’
matrix element, the magnetic form factors in Eq.(3.71) receive no contributions
from O1 [17]. The contribution from O2 is given by
G23¯µ = −
gs
4mQ
〈
B3¯(v, s
′)
∣∣ iT ∫ d4xh¯vσαβGαβhvjemµ (0) |B3¯(v, s)〉m
= − gs
4mQ
u¯(v, s′)σαβu(v, s)(M 3¯αβµ)m,
(3.72)
where
M 3¯αβµ = 〈0| iT
∫
d4xφvGαβj
em
µ φ
†
v |0〉 . (3.73)
Since M 3¯αβµ must be antisymmetric with respect to the indices α, β and obeys con-
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straints from both parity and electromagnetic current conservation, one concludes
M 3¯αβµ = −iδ(gµαkβ − gµβkα), (3.74)
where δ is a constant independent of the heavy quark mass and k is the photon’s
momentum. In parametrizingM 3¯αβµ, we restrict ourselves to the structures linear in
k since we are only interested in magnetic interactions. The same simplification will
be assumed in the subsequent discussions. Substituting Eq.(3.74) into Eq.(3.72),
we arrive at
G23¯µ =
iδgs
2mQ
u¯(v, s′)σµνk
νu(v, s). (3.75)
Eq.(3.75) corresponds to a change in the transition amplitude for B3¯ → B3¯ + γ:
∆Γ(B3¯ → B3¯ + γ) = 〈B3¯ γ(k, ε)| iT
∫
d4xO2(x)[−jemµ (0)Aµ(0)] |B3¯〉
=
gsδ
4mQ
u¯σµνF
µνu,
(3.76)
where
Fµν ≡ i(kµεν − kνεµ). (3.77)
Comparing Eq.(3.76) with L(2)v,B, we conclude that
ac6 =
gsδ
2Λ
. (3.78)
Since a06 = 0, the amplitude for the magnetic transition B3¯ → B3¯+γ is suppressed
by Λ/2mQ. For B6(B
∗
6) → B3¯ + γ, the operator O2 gives a contribution to the
electromagnetic form factor
G263¯µ = −
gs
4mQ
〈
B3¯(v, s
′)
∣∣ iT ∫ d4xh¯vσαβGαβhvjemµ (0) |B6(v, s, κ)〉
= − gs
4mQ
u¯(v, s′)σαβB¯ν(v, s, κ)(Mαβµν)m,
(3.79)
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where
Mαβµν = 〈0| iT
∫
d4xφvGαβj
em
µ φ
†
v,ν |0〉 . (3.80)
The most general structure of Mαβµν relevant to the magnetic transition is given
by
Mαβµν = (gανǫµβλκ − gβνǫµαλκ)kλvκt, (3.81)
where t is a constant independent of the heavy quark mass. Eqs.(3.79) and (3.81)
give
∆Γ2(6∗ → 3¯) = 〈B3¯ γ(k, ε)| iT
∫
d4xO2(x)[−jemµ (0)Aµ(0)] |B∗6〉
=
gst
4mQ
ǫµνλκu¯γ
νF λκuµ,
(3.82a)
∆Γ2(6→ 3¯) = − gst
2mQ
1√
3
u¯3¯σµνF
µνu6. (3.82b)
Comparing Eq.(3.82) with L(2)v,B, we find
ac2 =
gs
Λ
(
t′ − t√
3
)
, (3.83a)
ac4 =
gs
Λ
(√
3t′ +
t
2
)
, (3.83b)
where the spin-symmetry-preserving contributions proportional to t′ come from
the operator O1.
Finally we consider the couplings ac1, a
c
3 and a
c
5, which are relevant to magnetic
transitions among sextet baryons. The relevant matrix element is
G66µ =
〈
B6(v
′, s′, κ′)
∣∣ iT ∫ d4x[O1(x) +O2(x)]jemµ (0) |B6(v, s, κ)〉m . (3.84)
Particularly, we shall focus on the contribution from the operator O2, which is
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given by
G266µ = −
gs
4mQ
〈
B6(v, s
′, κ′)
∣∣ iT ∫ d4xh¯vσαβGαβhvjemµ (0) |B6(v, s, κ)〉m
= − gs
4mQ
B¯ν(v, s′, κ′)σαβBλ(v, s, κ)(Mαβνλµ)m,
(3.85)
where
Mαβνλµ = 〈0|φv,νGαβjemµ φ†v,λ |0〉 . (3.86)
One can parametrize Mαβνλµ as follows:
Mαβνλµ = iw1gνλ(gµαkβ − gµβkα)
+ iw2[gαν(gβµkλ − gλµkβ)− gβν(gαµkλ − gλµkα)]
+ iw3[gαλ(gβµkν − gµνkβ)− gβλ(gαµkν − gµνkα)],
(3.87)
where w1, w2 and w3 are constants independent of the heavy quark mass. Eqs.(3.85)
and (3.87) give a contribution to the photon transition amplitude
∆Γ2[B6(v, s, κ)→ B6(v′, s′, κ′) + γ(k, ε)]
= − 〈B6(v′, s′, κ′)γ(k, ε)∣∣ iT
∫
d4xO2(x)j
em
µ (0)A
µ(0) |B6(v, s, κ)〉
= − gs
4mQ
B¯ν(v
′, s′, κ′)(w1σ
αβFαβg
νλ + 2w2σ
νβF λβ + 2w3σ
λβF νβ )Bλ(v, s, κ).
(3.88)
Let us denote
∆Γ2 = − gs
4mQ
(δ1 + δ2 + δ3), (3.89)
where
δ1 = w1B¯
ν(v′, s′, κ′)σαβFαβBν(v, s, κ), (3.90a)
δ2 = 2w2B¯ν(v
′, s′, κ′)σνβFβλB
λ(v, s, κ), (3.90b)
δ3 = 2w3B¯
ν(v′, s′, κ′)σλβFβνBλ(v, s, κ). (3.90c)
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Making uses of the identities for the Dirac matrices stated earlier and
{σµν , γλ} = 2ǫµνλκγκγ5, (3.91a)
[σµν , γλ] = −2i(gµλγν − gνλγµ), (3.91b)
γλσµνγλ = 0, (3.91c)
u¯λ(v)σµνF
µνuλ(v) = 2iu¯
µ(v)Fµνu
ν(v), (3.91d)
we obtain
δ1(6
∗ → 6∗) = w1u¯νσαβFαβuν , (3.92a)
δ1(6
∗ → 6) = − 2√
3
w1ǫµνλκu¯γ
νF λκuµ, (3.92b)
δ1(6→ 6∗) = − 2√
3
w1ǫ
µνλκu¯µγνFλκu, (3.92c)
δ1(6→ 6) = 1
3
w1u¯σ
αβFαβu, (3.92d)
δ2(6
∗ → 6∗) = −w2u¯νσαβFαβuν , (3.93a)
δ2(6
∗ → 6) = 2√
3
w2ǫµνλκu¯γ
νF λκuµ, (3.93b)
δ2(6→ 6∗) = − 1√
3
w2ǫ
µνλκu¯µγνFλκu, (3.93c)
δ2(6→ 6) = −4
3
w2u¯σ
αβFαβu, (3.93d)
38
δ3(6
∗ → 6∗) = −w3u¯νσαβFαβuν , (3.94a)
δ3(6
∗ → 6) = − 1√
3
w3ǫµνλκu¯γ
νF λκuµ, (3.94b)
δ3(6→ 6∗) = 2√
3
w3ǫ
µνλκu¯µγνFλκu, (3.94c)
δ3(6→ 6) = −4
3
w3u¯σ
αβFαβu, (3.94d)
Collecting all the terms yields
∆Γ2(6∗ → 6∗) = − gs
4mQ
(w1 − w2 − w3)u¯νσαβFαβuν , (3.95a)
∆Γ2(6∗ → 6) = − gs
4mQ
(
− 2√
3
w1 +
2√
3
w2 − 1√
3
w3
)
ǫµνλκu¯γ
νF λκuµ, (3.95b)
∆Γ2(6→ 6∗) = − gs
4mQ
(
− 2√
3
w1 − 1√
3
w2 +
2√
3
w3
)
ǫµνλκu¯
µγνF λκu, (3.95c)
∆Γ2(6→ 6) = − gs
4mQ
(
1
3
w1 − 4
3
w2 − 4
3
w3
)
u¯σαβFαβu. (3.95d)
When Eq.(3.95) is compared with L(2)v,B, we have
ac1 = −
gs
2Λ
[
w +
1
3
(w1 − 4w2 − 4w3)
]
, (3.96a)
ac3 = −
gs
2Λ
[
−
√
3
2
w +
1√
3
(−2w1 − w2 + 2w3)
]
, (3.96b)
ac∗3 = −
gs
2Λ
[
−
√
3
2
w +
1√
3
(−2w1 + 2w2 − w3)
]
, (3.96c)
ac5 = −
gs
2Λ
[
−3
2
w + (w1 − w2 − w3)
]
, (3.96d)
where we have included the contributions proportional to w from the spin symmetry
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preserving operator O1. Again, we will assume that the phases of the heavy baryon
fields have been so chosen that the coupling constants are real. Then ac3 = a
c∗
3 gives
w2 = w3, (3.97)
and
ac1 = −
gs
2Λ
(
w +
1
3
w1 − 8
3
w2
)
, (3.98a)
ac3 = a
c∗
3 = −
gs
2Λ
(
−
√
3
2
w − 2√
3
w1 +
1√
3
w2
)
, (3.98b)
ac5 = −
gs
2Λ
(
−3
2
w + w1 − 2w2
)
, (3.98c)
It is clear from Eqs.(3.78), (3.83) and (3.98) that to order O(1/mQ) all the spin
symmetry relations among the coupling constants ai for radiative transitions are
broken.
Eqs.(3.16), (3.36) and (3.55) are the main results in this section for the strong
coupling constants g1, · · · , g6, and (3.78), (3.83), (3.98) for the electromagnetic
transition couplings a1, · · · , a6.
40
4. Discussion
In this work we have carried out a systematic theoretical study of the order
1/mQ effects to the heavy meson’s and heavy baryon’s chiral Lagrangian for strong
and electromagnetic interactions. There are two distinct corrections at this order.
The first is a kinematic correction required by reparametrization invariance. In
practice, this effect for simple processes such as decays can be largely taken into
account by using the full momentum P of a heavy particle and the corresponding
polarization vector or Dirac spinor instead of parametrizing it by P = MHv + k
and dropping the residual momentum k. The second effect is a dynamic correction
induced by the order 1/mQ terms in the QCD Lagrangian which break the flavor-
spin symmetry of the heavy quarks. As in our earlier publications [11,17], we focus
our attention on the interactions involving only the first order in the momentum
of a Goldstone boson or a photon. To this order, not surprisingly, the heavy
quark symmetry breaking interactions of QCD do not produce any new types of
interactions for the heavy hadrons with the Goldstone bosons or photons. Instead,
their effects make order 1/mQ corrections to the coupling constants in the heavy
hadron’s chiral Lagrangian.
To order 1/mQ, QCD contains one operator O1 [see Eq.(1.15c)] which breaks
only the heavy flavor symmetry, and a second operator O2 [see Eq.(1.15d)] which
breaks the flavor-spin symmetry of heavy quarks. For a given heavy flavor, the
effects due to O1 can be absorbed by the coupling constants which satisfy the heavy
quark spin symmetry. Effectively, the operator O1 does not introduce any new
unknowns. On the other hand, the operator O2 introduces new unknowns of order
1/mQ which break the spin symmetry relations among the coupling constants. In
the heavy meson sector, there is one new unknown each in the strong interactions
and electromagnetic interactions, respectively. In the heavy baryon sector, there
are five new unknowns of order 1/mQ to describe the six strong interaction coupling
constants g1, · · · , g6. There are four new unknowns to describe the six radiative
transition coupling constants a1, · · · , a6. In particular, the reactions B3¯ → B3¯ + π
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and B3¯ → B3¯ + γ which are forbidden in the infinitely heavy quark limit have
coupling strength of order 1/mQ. In reducing the number of unknowns, we have
appealed to the charge conjugation symmetry for certain processes and the reality
of the coupling constants associated with them. This can always be accomplished
by a proper choice of the phases for the field operators of the heavy hadrons. For
example, in our quark model calculations in Refs.[11,17], all the coupling constants
are indeed real.
These new unknowns depend on the QCD’s long distance dynamics of light
quarks and gluons. In principle, they are calculable numerically in lattice QCD.
At a more pheomenological level, the quark model has no simple predictions for
them either, unlike the coupling constants in the infinitely heavy quark limit.
Nevertheless, it is important to consider the sizes of these corrections as they
affect the strong and electromagnetic interaction physics of the heavy hadrons,
especially the charmed mesons and baryons. For this purpose, it is perhaps useful
to calculate those corrections in the quark model and the MIT bag model with
some specific pheomenological wave functions for the heavy hadrons.
We will illustrate the last point by a problem of practical interest. For the
heavy meson chiral Lagrangian L(1)v,PP ∗, the HQS relation f = 2g is modified by
1/mQ corrections. The splitting of f and 2g, δ ≡ 2g− f , will contribute to SU(3)-
violating corrections to the heavy-meson hyperfine splitting. Such corrections are
characterized by the parameter [26]
∆P ≡ (MP ∗s −MPs)− (MP ∗d −MPd).
In the charmed meson case, experimental data give [27,28]:
∆D = 0.9± 1.9 MeV. (4.1)
On the theoretical side, a one-loop calculation based on the heavy-meson chiral
Lagrangian given by Eq.(2.1) has recently been performed [23]. In this work ∆D
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is obtained by evaluating the self-energy diagrams of D and D∗, where each dia-
gram contains one insertion of the residual mass term ∆M2P (v)P †(v) appearing
in L(1)v,PP ∗ . By retaining ms lnms and m3/2s corrections, it was found that, to the
order of 1/mc [23],
∆D = +95 MeV. (4.2)
In comparison with the experimental value given by Eq.(4.1), this result is larger
by almost two orders of magnitude! In addition to obtaining Eq.(4.2), the authors
of Ref.[23] also estimated other contributions to ∆D, which are of the same or-
der or one order higher. As they pointed out, one had to include an additional
contribution which is quadratic in Goldstone boson masses. Such corrections arise
from the chiral-loops mentioned above plus the counterterms listed below (see also
Ref.[1]):
OP = α1MPP (ξM†ξ + ξ†Mξ†)P †,
OP ∗ = α2MP ∗P ∗µ(ξM†ξ + ξ†Mξ†)P ∗µ†,
(4.3)
where
M =


mu 0 0
0 md 0
0 0 ms

 . (4.4)
The counterterms OP and OP ∗ contribute to ∆D because there will be a deviation
from the spin-symmetry relation α1 = −α2 at the order of 1/mc. By a naive di-
mensional argument, Randall and Sather estimated this contribution to be about
20 MeV in magnitude. Furthermore, they noted that the O(1/m2c) contributions
to ∆D could also be as large as 10 MeV in magnitude. These large individual cor-
rections raise interesting questions on the reliability of chiral perturbation theory
and/or 1/mQ expansion. Given all these large contributions, the authors suggested
that there may be accidental cancellations among various terms so that the resul-
tant ∆D is small. Although this might indeed be the case, we would like to point
out that the calculation done in Ref.[23] is not complete at order 1/mc. Specifically
43
it missed those effects induced by the splitting of f and 2g in the self-energy dia-
gram depicted in Fig.1. At the order of 1/mc, δ is finite, and D and D
∗ will acquire
different mass-shifts which contributes to the hyperfine splittings of heavy mesons.
Since the difference between D and D∗ mass-shifts is SU(3) flavor dependent, it
therefore contributes to the parameter ∆D. Denoting this extra contribution as
∆′D, we find
∆′D =
(
1
32
m3pi
πf2pi
− 1
48
m3
K
πf2
K
− 1
96
m3η
πf2η
)
x− 3
32
m2
K
π2f2
K
ln
(
m2
K
Λ2χ
)
(MDs−MDd)x, (4.5)
where x = fδ, and we have suppressed contributions proportional to (MDs−MDd)2
or higher since they are found to be negligible. The first term in Eq.(4.5) can be
easily obtained from Eq.(4.3) of our forthcoming paper [1] (see the footnote there
for details). The second term emerges as one takes into account the splitting of
the strange and non-strange heavy-meson masses. Now for numerical analyses, we
shall take Λχ ≈ 1 GeV [29], and the fitted value of (MDs−MDd) = 99.5±0.6 MeV
[27]. In view of large positive value in Eq.(4.2), one would favor a negative ∆′D
to counteract it. This requires x to be positive or, in other words, 4g2 > f2. At
this point, we do not plan to perform any model-calculation of x. Nevertheless,
a crude estimation of x can be obtained by dimensional arguments. If we assume
that the heavy quark expansion at the hadronic level is governed by the parameter
Λχ/2mQ [22], we would roughly expect that
∣∣∣∣ δf
∣∣∣∣ ≈ O
(
Λχ
2mc
)
. (4.6)
Taking mc = 1.8 GeV and f
2 = 2 [30], we obtain
|x|
f2
=
∣∣∣∣ δf
∣∣∣∣ ≈ O(0.3). (4.7)
If one simply assumes x = 0.3f2 = 0.6, then ∆′D = −62 MeV. If x is indeed
positive, this would provide a substantial cancellation to the result of Eq.(4.2).
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The cancellation would be further enhanced if the contribution from Eq.(4.3) is also
negative. Unfortunately, there still exists no data to support this claim. In fact,
there is also no experimental evidence for a positive x. Certainly, a negative x would
make the situation even more troublesome. At any rate, we want to emphasize
that one should include the effect of Fig. 1 when computing the parameter ∆D.
Whether or not this effect is adequate to resolve the puzzle posed by Eq.(4.2)
is not yet clear until one has more experimental data, and a better theoretical
understanding [31].
From the above example, we have seen that the splitting of f and 2g at the
order of 1/mQ could give important effects. Similar situations may also occur in
other parts of the heavy-hadron chiral Lagrangian. Since there are insufficient data
to fix the parameters of the theory, it would be helpful to combine the results of this
paper with certain model-estimation of parameters, so that quantitative predictions
of the 1/mQ correction can be made. We shall leave such model studies to future
investigation.
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Figure Caption
Fig.1 An additional chiral-loop diagram which contributes to the hyperfine split-
ting of charmed mesons. The dotted line denotes a light meson which can
be strange or non-strange. The solid line represents a charmed meson which
can be strange or non-strange, spin zero or spin 1. In this case, the propa-
gator of the heavy meson contains no insertion of the mass-difference term,
∆M2P (v)P †(v).
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